Serial No.: 09/914,638 



assertion by the Examiner, that a metal oxide melting point of less than about 1 550°C 
does not constitute new subject matter in the subject application. Accordingly, 
Applicants respectfully request withdrawal of the objection to the specification and 
withdrawal of the rejection of the claims under 35 U.S.C. 112, first paragraph. 



Action. If the Examiner detects any issue which the Examiner believes Applicants 
have not addressed in this response, Applicants urge the Examiner to contact the 
undersigned. 

Applicants sincerely believe that this patent application is now in 
condition for^llowance and, thus, respectfully request early allowance. 
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METHOD FOR SOLID OXIDE FUEL CELL ANODE PREPARATION 

BACKGROUND OF THE INVENTION 
Field of the Invention 

This invention relates to a method for preparation of anodes for use in solid 
oxide fuel cells. More particularly, this invention relates to a method for preparation of an 
anode for a solid oxide fuel cell in which metals and catalytic materials employed in such 
anodes are added in a separate step compared to conventional methods of anode preparation. 

Description of Prior Art 

Solid oxide fuel cells have grown in recognition as a viable high temperature 
fuel cell technology. There is no liquid electrolyte with its attending metal corrosion and 
electrolyte management problems. Rather, the electrolyte of the cells is made primarily from 
solid ceramic materials so as to survive the high temperature environment. The operating 
temperature of greater than about 600°C allows internal reforming, promotes rapid kinetics 
with non-precious materials, and produces high quality by-product heat for cogeneration or 
for use in a bottoming cycle. The high temperature of the solid oxide fuel cell, however, 
places stringent requirements on its materials. Because of the high operating temperatures 
of conventional solid oxide fuel cells (approximately 1000°C), the materials used in the cell 
components are limited by chemical stability in oxidizing and reducing environments, 
chemical stability of contacting materials, conductivity, and thermomechanical compatibility. 

The most common anode materials for solid oxide fuel cells are nickel 
(Ni)-cermets prepared by high-temperature calcination of NiO and yttria-stabilized zirconia 
(YSZ) powders. High-temperature calcination is essential in order to obtain the necessary 
ionic conductivity in the YSZ. These Ni-cermets perform well for hydrogen (H 2 ) fuels and 
allow internal steam reforming of hydrocarbons if there is sufficient water in the feed to the 
anode. Because Ni catalyzes the formation of graphite fibers in dry methane, it is necessary 
to operate anodes at steam/methane ratios greater than 3. However, there are significant 
advantages to be gained by operating under dry conditions. Progress in this area has been 
made using an entirely different type of anode, either based on ceria (See Eguchi, K, et al., 
Solid State Ionics. 52, 165 (1992); Mogensen, G., Journal of the Electrochemical Society . 
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141, 2122 (1994); and Putna, E.S., et al., Langmuir . 1 1 4832 (1995)) or perovskite anodes 
(See Baker, R.T., et al., Solid State Ionics . 72, 328 (1994); Asano, K., et al., Journal of the 
Electrochemical Society, 142, 3241 (1995); and Hiei, Y., et al., Solid State Ionics . 86-88, 
1267 (1996).). These oxides do not, however, provide sufficient electronic conductivity. 
5 Replacement of Ni for other metals, including Co (See Sammes, N.M., et al., Journal of 
Materials Science . 31, 6060 (1996)), Fe (See Bartholomew, C.H., Catalysis Review- 
Scientific Engineering . 24, 67 (1982)), Ag or Mn (See Kawada, T., et al., Solid State Ionics . 
53-56, 418 (1992)) has been considered; however, with the possible exception of Ag, these 
are likely to react with hydrocarbons in a way similar to that of Ni. Substitution of Ni with 
10 Cu would also be promising but for the fact that CuO melts at the calcination temperatures 
which are necessary for establishing the YSZ matrix in the anodes. 

It is also well known that the addition of ceria to the anode improves 
performance. However, the high-temperature calcination utilized in conventional anode 
preparation causes ceria to react with YSZ, as a result of which performance is not enhanced 
15 to the extent which could be possible if formation of ceria-zirconia did not occur. 

SUMMARY OF THE INVENTION 
Accordingly, it is one object of this invention to provide a method for 
preparation of solid oxide fuel cell anodes which enables the use of lower melting 
temperature materials than employed by conventional solid oxide fuel cell anodes. 
20 It is another object of this invention to provide a process for solid oxide fuel 

cell anode preparation which enables efficient operation using dry natural gas as a fuel. 

It is another object of this invention to provide a method for generation of 
electricity by direct oxidation of hydrocarbons and other carbonaceous fuels. 

It is yet another object of this invention to provide a method for a solid oxide 
25 fuel cell anode preparation which enables the use of ceria to improve anode performance 
while avoiding the formation of ceria-zirconia which reduces the extent of performance 
enhancement in conventional solid oxide fuel cell anodes. 

These and other objects of this invention are addressed by a method for 
preparation of an anode for a solid oxide fuel cell in which a plurality of zircon fibers or 
30 other porous matrix material is mixed with a yttria-stabihzed-zirconia (YSZ) powder, thereby 
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forming a fiber/powder mixture. The fiber/powder mixture is then formed into a porous YSZ 
layer and calcined. The calcined porous YSZ layer is then impregnated with a metal- 
containing salt solution. Accordingly, contrary to conventional methods for solid oxide fuel 
cell anode preparation, the method of this invention results in a YSZ layer which remains 
5 highly porous following high-temperature calcination to which any suitable metal, including 
Cu and Ni is then added by impregnation of the salt solution, after the high temperature 
calcination of the YSZ layer. In addition to enabling the use of metals whose oxides have 
a low melting temperature, the method of this invention also allows catalytic materials, such 
as ceria and/or palladium (Pd) to be added in controlled amounts in a separate step. 

10 Cells prepared in accordance with the method of this invention with Ni 

perform in a very similar manner to those cells prepared using conventional means. With 
Cu used in place of Ni, there is a possibility of oxidizing hydrocarbons (C x H y ) and other 
carbonaceous fuels (C x H y O z ) such as methanol, ethanol, propanol and the like directly, 
particularly since Cu is inert in dry methane. Even without direct conversion, the Cu-YSZ 

15 anode allows the use of dryer gases (partially reformed methane), because Cu is inert to 
methane. To convert methane, it is necessary to add a catalytic component. Ceria, 
particularly when doped with noble metals like Pd, Pt, or Rh, is active for this process. 
BRIEF DESCRIPTION OF THE DRAWINGS 
These and other objects and features of this invention will be better 

20 understood from the following detailed description taken in conjunction with the drawings 
wherein: 

Fig. 1 is a diagram showing the I-V relationship for cells at 800°C in H 2 
prepared by impregnating porous YSZ with 40% Cu in accordance with one embodiment of 
this invention; 

25 Figs. 2A, 2B, and 2C show SEM micrographs for conventional Ni-cermet 

prepared from NiO and dense yttria-stabilized zirconia, designated as YSZd, neat porous 
yttria-stabilized zirconia designated as YSZp, and Cu-cermet prepared from 25% YSZd 
impregnated with 40% Cu, respectively; 

Fig. 3 is a diagram showing the I-V relationship for cells at 800°C in H 2 

30 prepared by impregnating porous YSZ (25% YSZd) with varying amounts of Cu; 
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Fig. 4 is a diagram showing the I-V relationship for cells at 800°C in H 2 with 
a conventional Ni-cermet anode, a Ni-cermet anode prepared from porous YSZ (25% YSZd), 
and Cu-cermet prepared from porous YSZ (25% YSZd); 

Fig. 5 is a diagram showing the I-V relationship for cells at 800°C in H 2 with 
5 the addition of ceria to Cu/YSZp; 

Fig. 6 is a diagram showing the I-V relationship for cells at 800°C in H 2 with 
the addition of ceria to Cu/YSZ mixture; 

Fig. 7 is a diagram showing current density as a function of time for Ni- and 
Cu-based cells during switching of fuels from dry H 2 to dry CH 4 and back; and 
10 Fig. 8 is a diagram showing the I-V relationship for Cu-based cells with 

methane. 

DESCRIPTION OF PREFERRED EMBODIMENTS 
As previously stated, conventional solid oxide fuel cells are unable to operate 
efficiently in dry natural gas. This is due to the fact that they typically have Ni-cermet 

1 5 anodes which are prepared by high-temperature calcination of powders consisting of NiO and 
yttria-stabilized zirconia. High-temperature calcination is essential in order to obtain the 
necessary ionic conductivity in the YSZ. Under the reducing conditions of operation, NiO 
is reduced to the metal and provides electronic conductivity. However, in dry methane, Ni 
tends to form graphite fibers which quickly deactivate the system. Ni can be replaced by Fe 

20 or Co, but these metals suffer from similar problems. We have developed a method for 
preparation of an anode for a solid oxide fuel cell which allows the addition of the electron- 
conducting metal, including metals like Cu, for which the oxide melts at low temperature, 
in a manner which does not require the high-temperature calcination of conventional 
methods. In addition, catalytic and ion-transfer components, such as ceria, lanthana, 

25 manganese, and precious metals can also be added without further, high-temperature 
treatment. 

In accordance with the method of this invention, a plurality of zircon fibers 
or other porous matrix material is mixed with a yttria-stabilized-zirconia powder, forming 
a fiber/powder mixture. The fiber/powder mixture is formed into a porous YSZ layer and 
30 calcined. After calcination, the porous YSZ layer is impregnated with a metal-containing salt 
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solution. In accordance with one preferred embodiment of this invention, the metal- 
containing salt solution comprises a nitrate salt of a metal selected from the group consisting 
of Cu, Ni and mixtures thereof 

In accordance with one preferred embodiment of this invention, the 
5 fiber/powder mixture is made into a slurry with glycerol and then applied to the anode side 
of the dense YSZ electrolyte of a solid oxide fuel cell. In accordance with another preferred 
embodiment, the powdered fibers are added to a tapecast which can be included as a layer 
in a composite with a second layer which will give dense YSZ. The system is then calcined 
at a suitable temperature, for example 1550°C, for two hours. After addition of the cathode 

10 to the cathode side of the YSZ electrolyte, the porous YSZ layer on the anode side is 
impregnated with aqueous solutions of Ni(N0 3 ) 2 or Cu(N0 3 ) 2 to bring the metal content of 
the anode to at least 35% by weight metal, after which the anode is calcined at 950°C for two 
hours. It is very important either to mix a normal YSZ powder (about 20% by weight) with 
the zircon fibers in the original glycerol slurry, or to add ceria or YSZ to the porous YSZ 

15 layer so as to provide sufficient oxide in the anode for ionic conductivity. Ceria in 
accordance with one embodiment of this invention is added using an aqueous solution of 
Ce(N0 3 ) 3 to the porous anode, after addition of the metal. After drying, the anode is again 
calcined to 9O0°C to form the oxide or ceria. In accordance with a particularly preferred 
embodiment of this invention, ceria constitutes in the range of about 5% to about 40% by 

20 weight of the porous YSZ layer. 
Example 

Yttria-stabilized zirconia (8% Y 2 0 3 , Tosoh TZ-8Y, denoted as YSZd) was 
used for the fabrication of the electrolyte and conventionally prepared anode for a solid oxide 
fuel cell. The electrolyte wafers were formed from YSZd by tapecasting, followed by 

25 calcination to 1400°C for two hours. The cathodes were formed from a 50% by weight 
physical mixture of Sr-LaMn0 3 and YSZd powders, pasted onto the electrolyte with 
glycerol, and then calcined at 1250°C for two hours. The conventional, Ni-cermet anode was 
prepared using a 50% by weight physical mixture of NiO and YSZd, followed by calcination 
to 900°C. This Ni-cermet was pasted onto the electrolyte using glycerol and calcined to 

30 1400°C. 



5 



WO 00/52780 



PCT/US00/05735 



In accordance with the method of this invention for preparation of an anode 
for a solid oxide fuel cell, a porous YSZ layer was prepared from physical mixtures of zircon 
fibers (YSZ, 75% porosity, with less than about 0.3% Si, Zircar Products, Inc., denoted as 
YSZp) and YSZd. The physical mixture (denoted as YSZm) was pasted onto the electrolyte 
5 using glycerol and calcined to 1550°C for two hours. After addition of the cathode, the 
porous YSZ layer was impregnated with aqueous solutions of Cu(N0 3 ) 2 (Fisher Scientific) 
or Ni(N0 3 ) 2 (Aldrich) followed by calcination at 950°C for two hours, at a Cu (or Ni) content 
of 40% by weight 

A sample doped with ceria was prepared by adding ceria in an amount of 
1 0 about 5 to about 40 weight percent of the anode material, to the anode by impregnation using 

Ce(N0 3 ) 3 6H 2 0 (Aldrich) followed by calcination to 950°C. The fraction of YSZd used in 

the anode and the metal content of the anode were varied. 

Pt electrodes were attached to both anodes and cathodes using a Pt ink 

(Engelhard, A4338), followed by calcination at 950°C for thirty minutes. The cells were 
15 sealed into A1 2 0 3 tubes using quartz powder in polyvinyl solutions. They were then 

conditioned in H 2 for three to four hours at 950°C. The performance of the cells was 

measured using flowing H 2 at 1 atmosphere at the anode, and the cathode was open to air. 

SEM images were obtained using a JEOL 6300 microscope equipped with an 

X-ray analyzer for EDX analysis. Samples were deposited onto carbon tape and coated with 
20 a gold film before analysis. X-ray powder diffraction patterns were obtained with a Rigaku 

XRD diffractometer, using Cu Ka radiation ( X =1 .541 838 A). The mean crystallite size (d) 

of YSZ particles was determined from XRD line-broadening measurements using the 

Scherrer equation. 

Fig. 1 shows the performance for series of cells prepared with Cu-cermet 
25 anodes at 800°C. In this series, the Cu content was maintained at approximately 40% by 
weight, but the fraction of non-porous YSZd was varied. Performance for the pure zircon 
fibers (neat YSZp) was poor, giving a maximum power density of only 5.1 mW/cm 2 and a 
maximum current density of 35 mA/cm 2 . Adding YSZd to the layer improved the 
performance significantly, with the best performance being achieved at about 25% by weight 
30 YSZd. The maximum power density for this cell was nearly 50 mW/cm 2 , with a maximum 
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current density of 210 mA/cm 2 . Increasing the fraction of YSZd in the layer led to poorer 
performance. The results in Fig. 1 demonstrate the importance of maintaining the proper 
structure of the YSZ in the anode as well as the possibility of a deleterious effect of Si in the 
zircon fibers. 

5 Figs. 2A, 2B, and 2C show SEM pictures of several representative samples 

of anodes taken for the purpose of investigating their morphologies. Fig. 2A is a micrograph 
of the conventional Ni-cermet taken at a magnification of 5000x. Shown is a dense film 
made up of about 1 -micron particles. Before exposure to H 2 (the fuel atmosphere), EDX 
analysis and XRD patterns show the presence of NiO particles as a physical mixture with the 

10 YSZ (d = 28.5 nm). After exposure to H 2 at 950°-800°C (reducing atmosphere), NiO is 
reduced to Ni metal (d = 26 nm), determining a small porosity (about 20%) to the compact 
NiO- YSZ material. The micrographs of the neat zircon fibers, shown in Fig. 2B at 1500x 
after heating to 1550°C, show rods, roughly 20 microns long and 5 microns in diameter. The 
film remains highly porous, about 70% void, but contact between the rods appears to be 

1 5 poorer. Finally, the film formed by adding 25% by weight YSZd and Cu in accordance with 
the method of this invention is shown in Fig. 2C. The structure remains open due to the rod- 
like fibers. Even with the addition of non-porous YSZd and significant amounts of Cu, the 
film remains highly porous. Before H 2 exposure, small crystallites of CuO (d = 12.3 nm) 
were formed on the YSZm material. After H 2 exposure at 950°C, Cu metal particles (d = 34 

20 nm) are formed, as was observed in the Ni-cermet case. f 

The effect of changing the Cu content in the anode for the YSZm made from 
25% by weight YSZd is shown in Fig. 3. As can be seen, there is a definite improvement in 
cell performance observed with increases in Cu from about 20% to about 50% by weight Cu. 

Fig. 4 shows a comparison of results for a Ni-cermet anode prepared by 

25 conventional methods, a Ni-cermet with 40% Ni prepared from YSZm in accordance with 
one embodiment of this invention and a Cu-cermet with 40% by weight Cu prepared from 
YSZm in accordance with one embodiment of this invention. The results for all three cells 
are virtually identical, with maximum power densities between 45 and 50 mW/cml The 
similarity in performance suggests that the performance of these three cells is limited by the 

30 electrolyte and cathodes and not the anodes. In addition, because the catalytic properties of 
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Ni and Cu are very different, with H 2 dissociation occurring much more readily on Ni, this 
suggests that the catalytic properties of the metals are not crucial in this application with H 2 
fuels. Rather Ni and Cu are primarily electronic conductors in this case. 

Figs. 5 and 6 show the typical doping effect of ceria on Cu/YSZp and 
5 Cu/YSZm prepared using the method of this invention. The data for these cells shows that 
the power densities increased significantly with the addition of ceria. For 40% by weight 
ceria addition to Cu/YSZp and Cu/YSZm, the best results achieved were 15 1 .2 mW/cm 2 and 
146.4 mW/cm 2 , which compared to 5.1 mW/cnf and 46.6 mW/crri obtained in the same 
cells without ceria. The measured current density on Ce0 2 /Cu/YSZp was much higher than 

10 neat Cu/YSZp according to ceria contents. However, the current density does not increase 
over 20% by weight ceria on Cu/YSZm. In such ceria content range, there is a limit to the 
improvement of cell performance obtained. 

The effect of adding ceria and Pd, using dry methane as a fuel is shown in 
Figs. 7 and 8. Before discussing the I-V curves, it is important to address the stability issues. 

15 As expected, the Ni-YSZ anode prepared in accordance with the method of this invention 
deactivated rapidly. While we did observe currents at 800°C, they decreased rapidly over the 
period of a few minutes with the formation of a carbonaceous residue. This is shown in Fig. 
7, which shows the current density for a Ni/Ce0 2 /YSZ (open circles) at a cell voltage of 0.5 
volts with switching of fuels from dry H 2 to dry CH 4 and back. The cell with a Ni/CeO /YSZ 

20 anode deactivated rapidly. Visual inspection showed the presence of carbon. By contrast, 
the Cu/Ce0 2 /YSZ cells were entirely stable. Following exposure to dry CH 4 for up to three 
days, we observed no evidence of decreased performance or carbon formation. 

The performance of the Cu-based cells with methane is shown in Fig. 8. For 
the Cu-YSZ anode, the OCV was only about 0.5 volts and the power density was minimal. 

25 Addition of ceria led to a dramatic improvement, as did the addition of Pd. However, the 
maximum power density with methane is still much lower than with hydrogen, about 80 
mW/cm 2 compared to 165 mW/cirf . This difference between methane and hydrogen is 
lowered by working at higher temperatures. At 900°C, the maximum power density achieved 
with this cell was about 230 mW/cm 2 with H 2 and 160 mW/cm 2 with CH* This suggests that 
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the catalytic reaction is at least partly limiting the reaction with methane, but that reasonable 
performance can be achieved with dry methane if a catalytic component is added. 

As demonstrated hereinabove, we have developed an entirely new method for 
fabricating anodes which allows the addition of metals and/or catalytic materials after the 
5 high-temperature calcination step. We have demonstrated that we can achieve similar 
performance levels with Cu-cermets as can be achieved with Ni-cermets. And, we have 
found that ceria plays an important role in anode design. 

While in the foregoing specification this invention has been described in 
relation to certain preferred embodiments thereof, and many details have been set forth for 
10 purpose of illustration, it will be apparent to those skilled in the art that the invention is 
susceptible to additional embodiments and that certain of the details described herein can be 
varied considerably without departing from the basic principles of the invention. 
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WE CLAIM: 

1 . A method for preparation of an anode for a solid oxide fuel cell 
comprising the steps of: 

mixing a porous matrix material with a yttria-stabilized-zirconia (YSZ) 
5 powder, forming a porous matrix material/powder mixture; 

forming said porous matrix material/powder mixture into a porous YSZ layer; 
calcining said porous YSZ layer; and 

impregnating said porous YSZ layer with a metal-containing salt solution. 

10 2. A method in accordance with Claim 1, wherein said porous matrix 

material comprises a plurality of zircon fibers. 

3 . A method in accordance with Claim 1 , wherein said metal-containing 
salt solution comprises a nitrate salt of a metal selected from the group consisting of Cu, Ni 

1 5 and mixtures thereof. 

4. A method in accordance with Claim 1, wherein said porous matrix 
material/powder mixture is mixed with glycerol and applied to an anode side of a YSZ 
electrolyte, forming said porous YSZ layer on said anode side of YSZ electrolyte. 

20 

5. A method in accordance with Claim 1, wherein said porous matrix 
material/powder mixture is added to a tapecast and said tapecast is deposited onto an anode 
side of a YSZ electrolyte layer, forming said porous YSZ layer on said anode side of YSZ 
electrolyte. 

25 

6. A method in accordance with Claim 5, wherein a cathode is applied 
to a cathode side of said YSZ electrolyte layer after said calcining of said porous YSZ layer. 

7. A method in accordance with Claim 1 , wherein a metal content of said 
30 porous YSZ layer is at least about 35% by weight of said porous YSZ layer. 
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8. A method in accordance with Claim 1, wherein said impregnated 
porous YSZ layer is calcined. 

9. A method in accordance with Claim 1 , wherein said porous YSZ layer 
5 is impregnated with ceria. 

10. A method in accordance with Claim 9, wherein said ceria constitutes 
in a range of about 5% to about 40% by weight of said porous YSZ layer. 

10 1 1 . A method for producing a solid oxide fuel cell comprising the steps 

of: 

mixing a porous matrix material with a yttria-stabilized-zirconia (YSZ) 
powder, forming a porous matrix material/powder mixture; 

mixing said porous matrix material/powder mixture with glycerol, forming 

15 a slurry; 

applying said slurry to an anode-facing face of a dense YSZ electrolyte layer, 
forming a porous anode layer/electrolyte layer assembly; 

calcining said porous anode layer/electrolyte layer assembly; 
applying a cathode layer to a cathode-facing face of said electrolyte layer, 
20 forming a fuel cell assembly; 

impregnating said porous anode layer with a metal-containing salt solution; 

and 

calcining said impregnated porous anode layer. 

25 1 2. A method in accordance with Claim 1 1 , wherein said metal-containing 

salt solution comprises a nitrate salt of a metal selected from the group consisting of Cu, Ni 
and mixtures thereof. 
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13. A method in accordance with Claim 12, wherein a metal content of 
said calcined impregnated porous anode layer is at least about 35% by weight of said 
calcined impregnated porous anode layer. 

5 14. A method in accordance with Claim 1 1 , wherein said porous matrix 

material comprises a plurality of zircon fibers. 

15. In a solid oxide fuel cell comprising an anode electrode, a cathode 
electrode and an electrolyte disposed between said anode electrode and said cathode 

10 electrode, the improvement comprising: 

said anode electrode comprising a porous YSZ layer and an electron- 
conducting metal having an oxide form which melts at a temperature less than about 1550°C. 

16. A solid oxide fuel cell in accordance with Claim 15, wherein said 
15 electron-conducting metal is Cu. 

17. A solid oxide fuel cell in accordance with Claim 15, wherein said 
anode electrode further comprises ceria. 

20 1 8. A solid oxide fiiel cell in accordance with Claim 15, wherein a metal 

content of said anode electrode is at least about 35% by weight of said porous YSZ layer. 

19. A solid oxide fuel cell in accordance with Claim 17, wherein a ceria 
content of said anode electrode is in a range of about 5% to 40% by weight of said porous 
25 YSZ layer. 
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20. A method for generating electricity comprising the steps of: 
introducing at least one of a hydrocarbon and a carbonaceous fuel directly into 

an anode side of a solid oxide fuel cell comprising an anode electrode comprising a porous 
YSZ layer and an electron-conducting metal having an oxide form which melts at a 
temperature less than about 1550°C, a cathode electrode and an electrolyte disposed between 
said anode electrode and said cathode electrode; 

introducing an oxidant into a cathode side of said solid oxide fuel cell; and 
directly oxidizing said at least one of said hydrocarbon and said carbonaceous 
fuel in said solid oxide fuel cell, resulting in generation of electricity. 

21. A method in accordance with Claim 20, wherein said hydrocarbon 
comprises at least two carbon atoms. 

22. A method in accordance with Claim 20, wherein said electron- 
conducting metal is Cu. 

23 . A method in accordance with Claim 20, wherein said anode electrode 
further comprises ceria. 

24. A method in accordance with Claim 20, wherein said carbonaceous 
fuel is an alcohol. 
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